ABSTRACT
Introduction
Polymorphism is a well recognised phenomenon whereby a pure chemical compound may exist in two or more structural orientations, each displaying different physical characteristics. Pseudo-polymorph -solvates and hydrates which have a molecule of solvent included in the crystal structure, are also possible. As different polymorphs display individual physical properties, such as density, melting point and solubility, polymorph purity is vitally important to the manufacture of chemicals, in particular, pharmaceuticals. Production of an unwanted, or impure, polymorph will give a product that most likely will not satisfy the intended purpose, or processing characteristics, of the required polymorph. Identification and quantification of polymorphic forms has become a necessary requirement in the production of modern day pharmaceuticals 1, 2 .
A range of analytical techniques have proven suitable for the analysis and quantification of polymorphic mixtures. Powder X-ray diffraction (PXRD) [3] [4] [5] [6] [7] [8] [9] [10] [11] , near-infrared spectroscopy (NIR) [12] [13] [14] [15] [16] , attenuated total reflectance infrared (ATR-IR) spectroscopy 14 , diffuse reflectance infrared spectroscopy (DRIFTS) 4, 17 , Raman spectroscopy 7, 9, 14, 18-21 and, more recently, solid state 13C CPMAS NMR spectroscopy 22 have been used to successfully quantify polymorphic mixtures with methods ranging from simple univariate correlations to more complicated multivariate chemometric approaches.
Piracetam (2-oxo-1-pyrrolidine acetamide) is a polymorphic drug compound ( Figure 1 ) with five reported polymorphs, of which two (FIV and FV) are obtained only under high pressure (> 0.5 GPa) conditions 23 . The remaining polymorphs FI, FII and FIII, have been identified and structurally characterized under ambient conditions 24, 25 As polymorphs differ fundamentally in their crystal structure, powder X-ray diffraction (PXRD) has become the gold standard for polymorph analysis 2, 26 . Quantification using PXRD is based on the principle that the intensity of diffraction peak for a component in a mixture is related to the concentration of that component in the mixture 27 . A number of different peak parameters on PXRD patterns can be used for this analysis: peak height intensity 4 , a ratio of peak height intensity 6 , and peak area 7, 8 ,9 being the most common in univariate analysis. Pharmaceutical compounds present an issue for X-ray diffraction analysis in that these materials can tend to display a high degree of preferred orientation. This can lead to difficulty in obtaining good quality, representative, reproducible diffractograms.
Campbell Roberts et al. completed a comprehensive quantitative study for binary mixtures of mannitol polymorphs, and investigated the effect of preferred orientation on the quantification 5 . For particle sizes below 125 µm, this effect was deemed negligible.
However, grinding pharmaceutical products to achieve this small particle size is not always feasible, as grinding may induce some phase transformation. 5 In addition to PXRD methods, vibrational spectroscopy, such as NIR, MIR, and Raman spectroscopies, can be used for rapid characterisation and quantification of polymorphs of pharmaceutical materials. NIR is associated with the overtones and combination modes of fundamental molecular vibrations that occur in the NIR to IR spectral region 28 . The coupling of NIR with chemometrics allows for interpretation of the resulting broad spectra and it is a technique widely used in pharmaceutical environments, in reaction monitoring, quality control and quantification of pharmaceutical materials 29, 30 . For Raman spectroscopy the gross selection rule is that for a Raman active vibration to occur there must be a change in polarizability of the molecule during its molecular vibration 31 . As many active pharmaceutical ingredient (APIs) contain aromatic functional groups with symmetric vibrational modes, they are considered to be strong Raman scatterers. Raman spectroscopy requires little or no sample preparation, and allows for in-situ analysis and high chemical specificity. However fluorescence of samples can obscure useful spectral information, although this may be overcome by use of NIR excitation and/or the application of various data pre-processing methods. Raman Spectroscopy has been utilised successfully for the quantification of polymorphic mixtures, tablets, capsules and for inline analysis of fluid bed drying processes [32] [33] [34] [35] [36] .
The objective of this work is to develop and compare quantification models for binary mixtures of FII(6.403) and FIII(6.525) Piracetam using PXRD, Raman, and NIR spectroscopy.
Materials & Methods

Preparation of polymorphs
Piracetam was supplied by AXO Industry Ltd, Belgium, and complies with European Pharmacopoeia standards (CAS Number: 7491-74-9). Methanol was reagent grade. 10 g of 6 the FIII(6.525) polymorph of piracetam was prepared by recrystallization from methanol 1 .
The FII(6.403) polymorph was prepared by heating 5 g of FIII(6.403) crystals to 140 ºC for 72 hr, and storing under ambient conditions for 5 days 2 . Isolation of pure polymorphic forms was confirmed using PXRD, DSC, and ATR-FTIR spectroscopy (Supplementary Information).
Preparation of polymorphic standards
The pure forms were ground individually in an agate mortar with a pestle for 30 seconds 
X-ray powder diffractometry
Diffraction patterns of the samples were obtained in reflectance mode using a Phillips The polymorph mixture was placed on a silicon crystal zero-background disc, which was mounted into a sample holder using a clip. The sample surface was smoothed with a 7 glass slide. The samples were measured consecutively in triplicate. Sample preparation using pressed cellulose discs was also attempted, but this was found to result in amplified preferred orientation effects in the recorded diffraction patterns.
Reference PXRD patterns for the FII and FIII polymorph were generated with the CIF files BISMEV and BISMEV01 respectively, from the Cambridge Crystallographic Data
Centre (CCDC), using Mercury 2.4.
Raman Spectroscopy
Raman spectra were collected at room temperature using a RamanStation spectrometer resolution. Each sample was analyzed on a 3 x 3 grid with 0.5 mm spacing to reduce subsampling effects. An average spectrum was calculated from the 9 individual spectra.
NIR spectroscopy
NIR data were collected using a Perkin Elmer Spectrum One spectrometer fitted with an NIR reflectance attachment. NIR spectra were collected with interleaved scans in the 10000-4000cm -1 range with a resolution of 8 cm -1 , using 32 co-added scans. Sample vials (SUN-Sri Ltd.) were shaken and repositioned between triplicate measurements of each sample. analysis. The optimal number of PLS factors was determined by using a leave-one-out cross 
Data analysis
Results and Discussion
Characterisation of Piracetam polymorphs
Production of the pure FII(6.403) and FIII(6.525) polymorphs was confirmed with PXRD, DSC and FTIR analysis, as seen in Figure 2 and Supplementary Information. The 9 experimental PXRD patterns were compared to the theoretical patterns ( Figure 2 ) and no polymorph impurity was detected. Some preferred orientation was evident in the FIII(6.525) pattern. Transmission mode PXRD could have provided for superior diffraction results, but this capability was not available in this study. The FTIR spectra and DSC thermograms (Supplementary Information) were compared to those published by Pavlova et al. 24 and
Kuhnert-Brandstaetter et al. 25 . The endothermic peaks in the DSC thermograms indicted that the transformation to FI(6.747) at 114 and 120 ºC in FII(6.403) and FIII(6.525) respectively and melting of FI(6.747) at 152 ºC.
Powder X-Ray Diffraction Analysis
Diffraction patterns for the pure polymorphs were examined to identify regions of sufficient selectivity for either polymorph to be used for quantification studies. A region with a well resolved diffraction peak, showing no overlap with the corresponding region for the alternative polymorph was desired. The (101) peak of FII(6.403) at 15.8 º 2θ and the (014)
peak of FIII(6.525) at 25.7 º 2θ were selected, and the change in intensity of these peaks as a function of FII(6.403) content is shown in Figure 3 . Accordingly, a simple univariate quantification method was attempted using the PXRD data 37 . The PXRD patterns for calibration samples were analysed quantitatively by calculating the percentage of FII(6.403) using peak height intensities and area (equation 2, K=1), and relating this to the measured percentage weight composition. The use of a response factor, K, to account for the difference in peak intensity, or area, observed for the (101) peak of FII and the (014) peak of FIII (6.525) in the diffraction pattern of pure FII(6.403) and FIII(6.525) respectively, was also assessed.
(2)
The peak intensity and area for PXRD data were calculated with the X'Pert HighScore Plus software, which uses a mathematical function designed to identify the peaks present in the experimental pattern and their exact position and area. The settings used for this procedure were a minimum peak significance of 1.00, minimum tip width of 0.01 º 2θ, maximum tip width of 1.00 º 2θ, and a peak base width of 2.00 º 2θ. The univariate calibration correlations for FII calculated using peak intensity and peak area, without and with the response factor K, are presented in Figure 4 . While linear correlations were achieved, there was significant scatter around the lines resulting in poor correlation coefficients (Table 1) . A slightly higher linear correlation coefficient was achieved when a response factor K was used with the peak intensity data. The calibration model(s) was tested by using a set of validation standards, and the results are presented in Table 2 .
The limit of detection (LOD) and limit of quantification (LOQ) for each correlation were calculated using equations 3 and 4, the standard deviation (STD) of three measurements of a sample with 95% FIII and the slope (m) of the calibration plot for the peak intensity and Table 1 and the   11 results show a significant improvement over the univariate analysis using peak intensity or peak area. A good linear relationship was observed between the PLS predicted content of FII(6.403) against the measured content ( Figure 5 ) with R 2 of 0.997. LOD and LOQ for the multivariate method were estimated using the same sample, and similar results were obtained (Table 2 ).
Raman and NIR spectroscopic analysis
Raman spectroscopy has distinct advantages in the analysis of solid materials because of the minimal sample preparation required and the non-contact, non-destructive nature of the measurement. Different polymorphs of the same compound have different packing of molecules, and so the Raman spectra of the various polymorphs will be different due to subtle differences in molecular vibrations and rotations. Recently, the polymorphic form (FII (6.403) or FIII(6.525)) of Piracetam produced from a cooling crystallization in ethanol was successfully monitored in situ by Raman spectroscopy 38 . Figure 6a has one peak at 5724 cm -1 , while FIII(6.525) has two peaks at 5748 and 5708 cm -1 . In addition, FII(6.403) has one peak at 4364 cm -1 , while FIII(6.525) has two peaks at 4380 and 4358 cm -1 . These two spectral RoIs were combined and used to construct PLS model. The optimal PLS model was generated after assessing the effects of several different pretreatments and combinations thereof. This optimal model was obtained by using a combination of MSC and 2 nd derivative pretreatments, which gave a good linear relationship (R 2 = 0.999) between the predicted and measured FII(6.403) content (Figure 7b ). LOD and LOQ for the multivariate Raman and NIR based models were estimated from the mixtures containing 95% of FIII(6.525), and the results are listed in Table 2 . 
Comparison of the three techniques
The above results clearly show that accurate quantification of FII(6.403) in binary mixtures with FIII is possible by either PXRD or spectroscopic analysis, but the spectroscopic methods outperform PXRD. This is evident from the 95% confidence internals ( Figure 5 and 7) where those of PXRD are much wider than for the Raman or NIR techniques.
The RMSEC and RMSEP values for the Raman and NIR models are also significantly smaller than the PXRD model. To further compare the accuracy of these three techniques, a set of validation samples containing different amounts of FII(6.403) were analyzed ( Table 2) .
For example, determination of the sample 15% FII(6.403), Raman and NIR proved to be the most accurate, followed by PXRD with PLS analysis, while PXRD with peak intensity was the least accurate. However as the FII(6.403) content increases the differences decrease, and, overall, NIR gives the most accurate predictions.
It is well known that sample homogeneity is very important in the quantification of solid powder mixtures. In this study, all the samples were sieved using a 90 -125 µm sieve fraction and samples were rotated during the PXRD acquisition. Nine measurements (from a 3 x3 grid with 0.5 mm spacing) were performed on each sample for the Raman measurements to reduce potential errors which could arise from the small sampling size. To clarify this, the relative standard deviation (RSD) values of quantitation of the 95% FIII sample obtained from the average spectrum and from individual spectra were 6.22% and 58.81% respectively.
The results clearly show that the increase in sampled volume using the 3 x 3 mapping reduces the errors associated with sub-sampling. NIR spectra were collected from glass sample vials and the spectra were recorded from a sample area which was 15 mm in diameter. Each sample was measured in triplicate to reduce sampling errors arising from local inhomogeneity 14 
